The sedimentation of a heavy elliptical particle in a two-dimensional channel filled with Newtonian fluid under oscillatory pressure driven flow has been numerically investigated by using the finite element arbitrary LagrangianEulerian method. The effects of particle Reynolds number, initial position, blockage ratio, as well as oscillation frequency and amplitude on the flow patterns during sedimentation have been studied. The results show that there exists an equilibrium position for high frequency flow, and the position of the heavier particle is closer to the centerline. As rotation contributes to nonuniform pressure on particle surface, the further initial position and lower amplitude lead to the larger scale zigzag migration; however, the maximum lateral displacements of these low frequency zigzag motions are nearly the same due to the consistent lubrication limit. Moreover, our simulation results indicate that there are five distinct modes of settling in oscillatory flow: horizontal with offset, oscillating, tumbling throughout channel, tumbling at one side and the special 'resonance' phenomenon. The 'resonance' induced by the wall is shown to have a close association with the harmonious change of drag and lift on particle surface, and be sensitive to the oscillation in the wake and the periodic discharge of vorticity from behind the body.
Introduction
The migration of particles suspended in fluids is of great relevance to industrial and biomedical applications including coal-water slurry transport, removal of pollutants from watercourses, manufacturing of short fiber composites, and cells clotting in blood vessels (Ern et al 2012) . In most cases, the particle is non-spherical and subjected to various flow fields, which make its dynamical behavior more complex. For the transient phenomenon of oscillatory shear, sudden acceleration and deceleration of flow, the inertial migration of an elliptical particle is often difficult to predict, and has drawn much attention in recent years.
It is well known that the motion of particles strongly depends on the competition of the particle characteristic, its initial state, the flow type as well as the fluid rheology (Hu et al 2001) . Typical previous experimental research has been conducted on the non-interacting, neutrally buoyant sphere in a tube flow with Newtonian fluid to investigate the macroscopic inertial migration phenomenon (Segré and Silberberg 1962) . The particle was observed to keep moving along both the wall and the centerline, forming an equilibrium layer at about 0.6 times the radius at a moderately high Reynolds number. Subsequently, Feng et al (1994a) investigated the motion of a circle particle in a Couette and a Poiseuille flow, and noted that the non-neutrally buoyant particle has more complex migration patterns, depending on the density ratio. They suggested that the driving forces of the migration could be identified as an inertial lift due to shear slip, a wall repulsion related to lubrication, a lift caused by rotation and, in the case of Poiseuille flow, a lift associated with the velocity profile curvature. Furthermore, Qi et al (2002) explored an elliptical particle migrates in Poiseuille flow, and pointed out that the final equilibrium position in the cross flow direction is independent of the initial position and the orientation angle. Their results also confirmed that due to the balance between the inertia effect and wall effect, the Segre-Silberberg effect also exists for nonspherical particle and multi-particle systems (Pan and Glowinski 2002 , Qi et al 2002 , Shi et al 2014 . Meanwhile, it has been indicated that the elasticity of the fluid makes the particle migrate towards the centerline, whereas shear thinning drives the particle towards the closest wall (Huang et al 1998 , Ko et al 2006 , Villone et al 2011 .
Among the intriguing research progresses involving the migration of non-spherical particle, a significant observation demonstrated that an ellipsoidal particle migrates irreversibly in the orbits described by particle orientation vector (the so-called Jeffery's orbits (Jeffery 1922 )), and its major axis eventually aligns along the vorticity direction at small shear rates (Bartram et al 1975) . It is noted that, this observation is based on the assumption that the rheology phenomenon is an unbounded shear flow and the inertia effect is neglected. However, since the rotation of an ellipsoid is indeterminate, different responses have been found in subsequent research. Huang et al (1994) described the turning couples on an oscillatory settling elliptical particle under the action of vortex shedding, and noted that it is induced by large and unequal negative pressures at the rear separation points. Zettner and Yoda (2001) demonstrated a transient behavior from being rotary to stationary by increasing the particle Reynolds number experimentally, and pointed out that the elliptical particle ceases to rotate and inclines at a stable orientation above a critical Reynolds number. In addition, the rotation of an elliptical particle is reported to be sensitive to not only the Reynolds number but also its initial orientation (Huang et al 1998) , and it is insensitive for the oblate spheroid dynamics (Huang et al 2012) . The rotation of a single particle in simple shear flow contributes to the unevenness of local torque and pressure distributions over the particle surface, eventually giving rise to the alternate eddy formation and shedding behind the nonspherical particle of different initial orientation, which lead to diverse migration trajectories (D'Avino et al 2008 , Lv et al 2012 .
Different numerical methods have been developed to study the motion of particles in a viscous fluid (Zhao et al 2014) . Using the arbitrary Lagrangian-Eulerian (ALE) based finite element (FE) method, Swaminathan et al (2006) studied the sedimentation of an ellipsoid at low and intermediate Reynolds numbers. They indicated that the inertia and initial conditions, as well as aspect ratio have most influence on the amplitude and the period of oscillatory motion, and moreover, the location of the steady equilibrium varies with the Reynolds number. Fictitious domain scheme is a useful numerical tool to simulate particulate flows. In this way, Chen et al (2012) found that increasing the channel Reynolds number would give rise to distinguishable lateral migrations. The equilibrium position of the elliptical cylinder would shift towards the wall or closer to the central axis under certain conditions. Additionally, by the lattice Boltzmann method, Xia et al (2009) and Huang et al (2014) have examined the settling behaviors of two-dimensional (2D) and 3D elliptical cylinders, and studied the effects of boundaries in detail with discussing some undisclosed features. The behaviors in their research agree qualitatively with the numerical results in the present paper.
Perturbation analysis has been widely used to examine the effect of inertia on the particle migration in shear and pressure driven flows, offering commendable consistency with experimental data (Lormand and Phillips 2004 , Yapici et al 2009 , Villone et al 2011 . Due to the chaotic phenomena of the elliptical particle sedimentation (Nie and Lin 2011), many important characteristics of its cross-streamline migration, such as orientation angles (Villone et al 2011) and drag-lift correlations , Zeng et al 2009 have not yet been accurately predicted as that of the circle particle. We note that Sun et al (2009) have reported that the oscillatory pressure driven flow in a horizontal channel gives rise to the circular particle closer to the centerline, and the oscillation frequency of pressure gradient affects its equilibrium position significantly. Meanwhile, Yapici et al (2009) observed that the particle migrates to channel center for oscillations with large amplitudes but to off-center positions or to wall when the amplitudes are small. However, the oscillation frequency and amplitude are not comprehensive in their research, and no studies have been published on the mechanism of migration in oscillatory shear flow.
In this work, we study the sedimentation of an elliptical particle subjected to a pressure driven flow with the FE ALE method, focusing on the impact of frequency and amplitude of the flow field on a finite Reynolds number cross-streamline migration. The suspending medium is modeled as a Newtonian fluid and the analysis is performed by 2D direct numerical simulations. The remaining article is organized as follows. In section 2, the governing equations describing the motion of fluid and particle are drawn. The numerical method is described and calibrated in section 3. In section 4, the influence of particle Reynolds numbers, blockage ratio, oscillation frequency and amplitude are discussed. The terminal sedimentation velocity, vortex structure behind the particle and pressure distribution on the particle surface are also analyzed for different regime behaviors. Conclusions are addressed in section 5.
Governing equations
Consider a single, rigid, non-Brownian, elliptical particle of density , p r major axis a and minor axis b, settling in a 2D channel of width W=2R filled with incompressible Newtonian fluid of density f r and viscosity . f m The gravity and the external pressure gradient P D act along the x direction. The geometry of the computational domain is shown in figure 1(a) . The particle denoted by P t ( ) and boundary P t ( ) ¶ is much heavier than the fluid. It is initially placed at y 0 from the centerline in static fluid domain Ω (the boundary i 1, 2, 3,
with zero velocity and then settles under gravity. For convenience, the orientation angle and the coordinate system on the surface of the particle are defined as shown in figures 1(b) and (c), respectively. The governing equations for the fluid domain, Ω-P(t), are as follows: the continuity equation
where u=(u, v) is the velocity vector, f is the body force, and σ is the stress tensor. For a Newtonian fluid, the stress tensor is given by the simple constitutive relation
h D u ( ) are the pressure, the 2×2 unity tensor, the viscosity of the Newtonian fluid and the strain rate, respectively.
The vector X p =(x p , y p ) gives the position of the center of the particle P, whereas the particle angular rotation is denoted by k, Q Q = where k is the unit vector in the direction normal to the x-y plane. The motion of the solid particle obeys Newton's second law:
where M is the particle mass; J is the inertia moment matrix; G is the body force external gravity field, which includes gravity and buoyancy;
are the translational and angular velocity vector of the particle, respectively; F and T are the total force and torque acting on the particle by the surrounding 
where n is the unit normal vector on particle surface pointing outwards into the fluid; s is the surface of the particle; x is the coordinate on the surface of the particle. Furthermore, we assume the plane wall and the particle surface to be no slip boundaries, and impose the traction-fee form of boundary condition on the outflow (Gresho 1991) . In addition, for the inlet boundary condition, we consider two types of flows: nonoscillatory flow and oscillatory flow. For the nonoscillatory flow, namely classical Poiseuille flow, a constant pressure gradient P 0 is adopted to maintain the flow. For the oscillatory flow, the pressure gradient is assumed to be P AP F sin 2 , 0 0
where A is the dimensionless amplitude of oscillatory flow and F is the oscillatory frequency measured in hertz.
The velocity corresponding to the constant pressure gradient is given by
where U m is the maximum velocity at the centerline of the channel.
In this work, we take the channel width W and the maximum velocity U m as the characteristic length and velocity, respectively. Thus, the Reynolds number of the pressure driven flow is defined by Re U W .
We denote the particle aspect ratio by a b a = and the channel size to the particle's ratio by R a b = (blockage ratio). By varying the particle density, we are able to control the average terminal sedimentation velocity U xa and to access particle Reynolds number Re U a .
It can be noted that, for a constant blockage ratio and aspect ratio, Re P increases with particle mass.
The
where F D is the drag force imposed on particle and L C is the characteristic length in the direction normal to the flow.
Numerical method and validation
Direct simulation of particle sedimentation has been carried out by the 2D generalized Galerkin FE method, which is constructed based on a combined formulation of the fluid and particle momentum equations (Hu 1996) . For the discretization of the fluid-particle system, we use triangular elements with continuous quadratic interpolation (P2) and linear continuous interpolation (P1) by the Delaunay-Voronoi method. Regarding the time discretization, we decouple the momentum balance and continuity equations from the constitutive one by a finite-difference scheme. The ALE particle mover was adopted to handle the particle motion (Hu et al 2001) . At each time step the mesh nodes are updated according to the mesh displacement obtained by solving an extra Laplace equation assuring smooth variation, so as to follow the particle motion. Notice that the motion of the mesh nodes are different from the fluid velocities. The calculation can be conducted until the mesh becomes too distorted. Therefore, a new mesh of the computational domain is generated and a 'back-projection' of the flow fields is performed to proceed the numerical simulation.
Since the forces in the fluid-solid system are internal, the hydrodynamic forces and moments imposed on the particle could be eliminated through simplifying the formulations. Therefore, there is no need to compute them explicitly. The velocity field of the fluid-solid system is determined implicitly, while the position of the particle and the grid nodes are updated explicitly. This explicit-implicit scheme is numerically stable and a second-order BDF scheme is used for time integration.
Mesh and time convergence are checked in all the calculations presented in this work. The height H of the calculation domain is chosen sufficiently large to assure that the particle is not influenced by the inflow and outflow conditions. Note that an extra refinement between the particle and the boundary is needed when the particle starts quite close to the wall. The spatial convergence is checked as well by refining the mesh. In table 1, some parameters of the meshes used are reported by referring to a specific aspect ratio 1.5, a = blockage ratio 5.0 b = and particle initial position d y W 0.25 figure 2 , the sedimentation trajectories of the elliptical particle (mass center) are presented under different frequencies (F=20 and 200 Hz). The influences of mesh size and time step size Δt are reported respectively, as shown in figures 2(a) and (b). For any mesh and time step considered here similar trends are found: the sedimentation velocity increases during the start-up and becomes almost constant or time periodic solution as time goes on. To better appreciate the mesh and time convergence, we report the average terminal figure 2 . The convergence is achieved for the mesh 'M2', although the comparison with 'M1' shows very small deviations (2% for U xa ). To take into account the time convergence, we found that a small step size should be chosen due to the high oscillation frequency. When time step size is smaller than one twentieth of the period of an oscillation, the discrepancies are within 1%. Hence, for the simulations presented in the next section, the time step size is chosen to be Δt=0.0005 s when the oscillation frequency is lower than 100 Hz, and to be Δt=0.0001 s when the oscillation frequency is lower than 500 Hz.
Finally, in order to validate the method described above, we compare our computed drag coefficients with those by Feng et al (1994b) and Yu et al (2002) , as shown in figure 3. Though the comparison is made for a particle free settling in the static fluid, all sets of results accord quite well with one another, indicating that the accuracy of the ALE method to investigate the sedimentation of particle is accurate and therefore acceptable. Feng et al (1994a) and Xia et al (2009) have confirmed that the free settling behavior of an elliptic particle could be classified into different flow regimes in relative large channel as the density of a particle (i.e. Re P ) increases. For a low density particle, it eventually settles horizontally at the center of the channel with a constant velocity. However, when the density of a particle turns sufficiently high, it would either oscillate or tumble in rotation due to the periodic shedding of vortices at different particle Reynolds number intervals, depending on the aspect ratio of the particle. There is no doubt that those unsteady behaviors of free settling influence the particle migration in a shear flow. In order to strengthen the lift force on the particle at every direction, we choose an elliptical particle of aspect ratio 1.5 a = and keep the same Re 100 fm = in the following simulations. The flow pattterns of the lightest, intermediate and heaviest particles with Re 45.3, P = 67.5 and 118.8 respectively, are investigated in this paper. The The rotation of the ellipse produces a lateral force (the Magnus effect) which is always towards the wall, while the repulsion of the wall drives the particle to the centerline. However, due to the fluid shear stress varying with locations, the radial equilibrium position is hard to obtain. As shown in figures 4(a) and (b), the lightest particle eventually tumbles in a zigzag way at a certain distance from the wall. However, the heaviest particle slowly rotates through the centerline around an equilibrium position. Particularly, an intermediate particle sediments with small oscillation and reaches an equilibrium near the centerline.
Results and discussion

Both
It is interesting to note that different types of rotation enrich the sedimentation trajectories, and the rocking and tumbling elliptical particle does not drift off the centerline as a circular particle does. Qi et al (2002) suggested that the relative velocity and pressure difference on particle sides are the main reason for the lateral displacement. The broadside-on effect prevents the ellipse from tumbling. As long as the body does not tumble, an enduring rotation could no longer be achieved. This is further illustrated by the intermediate particle's oscillatory motion shown in figure 4 . Therefore, although the inertial action has driven the heaviest particle far enough from the centerline, no lift force sustains this position and it would be pushed back due to the wall effect. As for the force sustaining rocking and tumbling, Feng et al (1994a) observed that prior to vortex shedding, the periodic 'swing' of the attached eddy is enough to maintain the oscillation. It is revealed by contours of vorticity during unsteady sedimentation in figure 5. For the intermediate particle, there is no vortex shedding on the particle, while the oscillation motion still exists. It is found that the slip velocity of the heaviest particle overshadows the effect of the velocity profile, and the orientation of an ellipse along the cross flow direction is dominated due to wake effects associated with nonlinear inertia; in contrast, the lightest particle leads the flow and the small wiggles are caused by periodic vortex shedding. Hence, the zigzag pattern of an elliptical particle is caused by the periodic oscillation in the wake and discharge of vorticity from behind the body.
In order to examine the periodic effect of the vortex on the lateral displacement, elliptical particles with different densities are initially placed at d 0 =0.25 in the nonoscillatory flow, and the frequency spectrums of y-displacement are obtained after Fourier transform. As shown in figure 6 , the peaks indicate the main frequencies of oscillations in lateral displacements. It can be seen that the dominant frequencies of migration trajectories with different densities are all below 10 Hz.
We have performed a series of dynamical simulations to examine the migration under low frequency oscillatory flow. However, no special patterns has been recovered. The low frequency oscillatory flow seems to have no immediate impact on the movements of vorticity. For a further investigation, we denoised the image by the method proposed by Bagchi and Balachandar (2003) . We found that an intermediate component appears at 25 Hz independent of particle density. The particle may have a resonance period related to the critical value, and this is a concern with respect to extreme loading (Huseby and Grue 2000, Turnbull et al 2003) . Figure 7 shows the sedimentation trajectory and angular change of the intermediate particle under different oscillation frequencies. In the high frequency flow (F=200 and 100 Hz), the particle is nearly in a translation motion with slight oscillation of the body, and eventually reaches its equilibrium position close to the center. However, in the low frequency flow (F=20 Hz), the particle is at the side of channel. This is apparently identical to the zigzag motion of the lightest particle in the nonoscillatory flow. Specifically, when the frequency is about 50 Hz, the particle rapidly approaches close to the wall, rotating around its center as well as settling forward. The particle rotates fast as if it is rolling along a stationary line due to the high local shear rate. It has been found that the angular velocity at the equilibrium is nearly close to the vorticity of the local undisturbed flow, which is half of the local shear rate. It is just like the 'lock-on' phenomenon appears in the studies of Konstantinidis et al (2003) and Nishihara et al (2005) , and could be considered that the 'resonance' phenomenon of the particle fluid system occurs.
In addition, the sedimentation trajectories of particles with Re 45.3 P = and 118.8 under different frequencies are presented in figure 8. It can be clearly seen that the lightest particle settles with small scale zigzag motion at F=50 Hz as well. Inspired by the frequency spectrum in figure 6 , we could hypothesize that the 'resonance' phenomenon has close relation with twice the critical frequency. As the oscillation frequency approaches to the 'resonance' frequency, the oscillation in the wake and the discharge of vorticity would be strongly influenced.
As shown in figure 8, the lightest particle migrates laterally to an equilibrium position near the centerline at high frequencies (F=100 and 200 Hz) as the intermediate particle does, while the heaviest particle oscillates down at F=100 Hz. It appears that the heavier the particle is, the higher frequency is required to calm down the oscillation of the particle. Moreover, the equilibrium positions are found at r/R=0.133 32, 0.072 93, 0.018 56, for Re p =45.3, 67.5 and 118.8, respectively, which indicate that a heavier particle tends to be closer to the centerline at high frequencies. However, the maximum horizontal distances for the zigzag motion with different densities are nearly the same, about 0.385. It demonstrates that the maximum rotational speeds of the particles are the same, and the wall repulsion overwhelms the lateral momentum at this location.
4.1.2. Effects of initial position and oscillation amplitude. As indicated in figure 9, the elliptical particle seeks a flow pattern independent of its initial position. At low frequency (F=20 Hz), the ellipse will migrate outward the wall to the maximum horizontal distance, and repulse back in iconic zigzag motion. Nevertheless, at high frequency (F=100 and 200 Hz), as the particle is initially released outside the equilibrium position, it will migrate inward the final location. It can be made out that the initial position impacts the angular velocity of the particle. The same phenomenon could be seen in the particle free settling (Qi et al 2002 , Lv et al 2011 , Huang et al 2014 . However, the range of the zigzag motion decreases with the initial distance from the centerline at low frequency, and the particle approaches to the equilibrium position faster for the further initial position at high frequency. Once across the centerline, the channel side the particle eventually stayed is unpredictable due to the temporal fluctuation of the high local velocity. The effect of oscillation amplitude is shown as well in figure 9 . The lower amplitude decreases the maximum fluid shear stress gradient in the channel, and has the direct benefit of reducing energy dissipation of particle migration . Therefore, we choose a group of relative high amplitudes to dominate the oscialltory effect at high frequency (F=200 Hz) of the heaviest particle. It can be clearly seen that the rotational speed slowly declines as the particle leaves the maximum horizontal distance, and the particle is more likely to tumble in high oscillation amplitude flow. Thus, the lower amplitude would lead to Figure 10 presents the average terminal sedimentation velocity under various oscillatory flow. It can be noted that the oscillation frequency has great influence on the terminal velocity. When the oscillation frequency is intermediate or high enough, the particle always settles more slowly. However, the adjustment mechanism are not the same. The former with 'resonance' phenomena is just because of the stronger wall effect; the latter near the centerline is mainly attributed to the high local flow velocity. Obviouely, the wall effect is more efficient for the light particle to obtain a relative small velocity (see figure 10(a) ). Nevertheless, as the particle always settles This means that the impacts of wall effect and local velocity effect on the sedimentation velocity are the same at the wall side and channel center in the high frequency flow (F100 Hz). In addition, the particle retains its original zigzag motion at relative low frequency. For the nearly identical moving regions, there is no obvious difference in U .
xa However, for the heavy particle in high amplitude flow or with distant initial position, it always settles slightly faster (not report). This behavior is qualitatively consistent with the numerical observations reported by Liu (2011) in the free sedimentation for different initial position.
Blockage ratio effect and resonant frequency
Xia et al (2009) pointed out that the blockage ratio significantly affects the free settling of an elliptical particle. With the increasing of blockage ratio, the sedimentation patterns have gone through oscillating, tumbling, vertical sedimentation, inclined sedimentation and horizontal sedimentation in a proper order. It should be noted that there are different effects responsible for this scaling. To keep all non-dimensional parameters (including the average flow Reynolds number and flow shear rate) except the blockage ratio fixed, we set the channel width and flow velocity constant and only considered the particle size in this study. Figure 11 shows the terminal velocity of the particle in a U x versus U y plot with different blockage ratios. As the flow field oscillation and the particle migration are not totally in the same rhythm, a tiny fluctuation of the particle terminal velocity in different motion circles is almost inevitable. The change ranges of the horizontal velocity and vertical velocity at β=4 are significantly larger than those at β=6. Moreover, under the same blockage ratio, the maximum vertical velocity at high frequency is still lower than that at low frequency, whereas the maximum horizontal velocities at low frequencies are equal.
Effect of blockage ratio.
For the blockage ratios in our simulation, the condition for Hopf bifurcation is satisfied and the particles are in tumbling states at channel side with nonoscillatory flow, which is shown as the closed circular orbits in figure 11 . In the high frequency flow (F=100 Hz), the Figure 9 . Sedimentation trajectories of an elliptical particle under different particle Reynolds number. The other parameters are: α=1.5, β=5.0, Re fm =100.
typical oscillation with offset is obtained, which appears as the up and down orbits in the velocity plot. Detailed investigation of this kind motion shows that particle with lower blockage ratios has a higher probability of approaching the centerline. Peculiarly, the velocity trajectories of rotating zigzag motion in relative low frequencies (F=20 Hz and F=50 Hz) show different forms and features. For a low blockage ratio, it is presented as the two-period orbit; whereas for a high blockage ratio, it turns into the overlapping orbit. The underlying reason is that a lighter particle with a higher blockage ratio is more sensitive to the oscillatory shear stress at different radius. As the alternate eddy formation, swaying, shedding and moving in the instantaneous flow field, the dynamic force acted on the particle changes over time, resulting an irregular fluctuation of the vertical velocity in contiguous periods of lateral migration. We found that the curves have a larger change both for U x and for U y at F=20 Hz than that at F=50 Hz, as shown in figure 11 . This indicates the velocities per motion cycle are changed littler though the particle is in a relative high frequency flow (F=50 Hz). It can be inferred that there is a response time of the fluid-structure interaction, and there's no enough time for particle to change its motion attitude at high frequency.
4.2.2. The 'resonance' phenomenon. As previously illustrated, the particles in our simulations would be pushed to the wall side with high-speed rotation at twice the critical frequency in large amplitude oscillatory flow. We proposed that this frequency is the 'resonance' frequency, and at this time the particle is closest to the wall with small settling velocity. For the verification, numerical simulations were conducted on the free migration in nonoscillatory pressure driven flow with different blockage ratios. The frequency spectrograms after denoising are shown in figure 12 . Further, as figure 13 shows, at the frequency of 'resonance', the particle with β=6 swiftly enters into the resonance modes, rolling along the wall side, which is much conformed to expectations. However, the particle with small blockage ratio (β=4) is observed to oscillate near the centerline. This is possibly due to the great inertia and repulsive term action, and the stability of particle is enhanced by the wall effect in a narrow channel. Regardless of the differences in low frequency, the reconstructed frequency is more noticeable with smaller blockage ratio. The particle 'resonance' phenomenon is determined to be caused by the wall effect and lubrication limit (Hu 1995) . As the gap between the particle and the wall becomes smaller, the magnitude of the average shear stress at the minimum gap is largely confined in a narrow region of strong back flow due to the pressure gradient. It contributes to the torque that turns the particle in opposite direction. However, as the oscillatory flow comes into the decrease period at this time, the declined shear stress in the gap could not sustain the inward motion towards centerline any more. Consequently, the particle is forced to migrate outward by the dominant Magnus effect. This in turn contributes to the smaller gap in an ascending period of shear stress, and the particle rotates constantly. As this right-and-left lateral migration occurs over such a small time period, the movement trajectory is just like a straight line at the macroscopic aspect. Figure 14 (a) shows the migration velocities U x and U y of the particle varying with time at 'resonance' state. It is important to be pointed out that the velocities vary along with oscillatory flow. The motion period in vertical orientation is in keeping with the oscillatory frequency, and is twice of that in horizontal direction. As shown in figure 14(b) , the particle slowly drifts away from the wall, and meanwhile the local drag on particle body increases. The drags at off-center positions are smaller than those at positions close to the centerline, which is consistent with the results of previous studies by Bagchi and Balachandar (2003) .
Note that, in a constant flow, the lift force is generated solely by the vortex shedding process. The pressure perturbation results in sizable oscillations in flow rate, and promotes an early onset of vortex shedding. However, once the vortex shedding processes on both sides are established, they may contribute to a wide range of dynamic motion owing to the unstable nature of a vortex shedding process. For corresponding to the lift force fluctuating in figure 14(b) , the rolling migration is primarily in response to the periodic one-side shedding process on the particle with only a weak influence from the oscillation. The drag force, on the other hand, substantially enhanced fluctuations in the oscillatory flow compared to the constant shear flow.
Flow patterns in oscillatory flow
Through simulations in various oscillatory flow with different particle Reynolds numbers, we observed five typical modes of migration. To illustrate the motion of an elliptical particle clearly, both snapshots of different orientations during one period and streamline plots for the settling ellipse are shown in figure 15 . The pressure distributions on the corresponding ellipse surfaces are also depicted in figure 16 . The results presented here are obtained in the situation when the particle trajectory reaches a steady state or a time periodic solution, after the initial transient dies out.
As shown in figure 15(a) , the sedimentation trajectory in the horizontal mode is a nearly straight line parallel to the channel axis and there is no oscillation in the wake or discharge of vorticity behind the ellipse. The pressure is positive on the rear surface and negative on the front surface ( figure 16(a) ). This is quite different from the pressure distribution of free horizontal sedimentation reported by Huang et al (2014) . The Poiseuille flow in the channel plays a principal role in this high frequency case. The continuous slight variations of pressure distribution creates a perfect balance with the hydrodynamic shear.
For higher Re p , due to the periodic hydrodynamic force, the particle sediments approximatly symmetrically with oscillation ( figure 15(b) ), and wiggles down with the vortices shedding. Due to the effect of viscosity, these shedding events are accompanied by high pressure differences, and swinging the ellipse periodically from side to side, as shown in figure 16(b) . As the shear stresses arise from the translation and rotation of the ellipse, the stagnation pressure on the front side prevents the swinging ellipse from further turning. The high pressure differences cannot dominate as they are eliminated periodically by vortex shedding in the oscillatory flow.
Figure 15(c) shows the tumbling mode. As we can see, the particle tumbles around the channel axis. When the particle approaches either the left or right side, it rotates clockwise with different orientation angles because of the torque exerted by flow field. For the wake effects associated with significant nonlinear inertia, this behavior is close to the sedimenting flow. Indeed, the ellipse turns to the cross flow direction at θ=135°, the relative small pressure difference comes into a big reversal. The sharp shedding of vortexes on ellipse side promotes the particle to migrate to the wall. The shear lift and wall effect cause the particle to be oriented in the vertical or horizontal direction with high pressure difference on the left and right side (Mortensen et al 2008) , as shown in figure 16 (c). The particle rotation is nearly stopped on the wall side, and the particle would be repulsed to the centerline. In contrast, for lower Re p , the zigzag motion in response to the alternate shedding of vortices is restricted to the channel side, as sketched in figure 15(d). As the rotating particle is limited by inertial dynamics, the broadside-on effect causes the particle to turn to the vertical direction before it crosses the centerline. It is attributed to a mixture of the Poiseuille and sedimenting flows. As figure 16(d) shows, the low-speed rotation declines the pressure difference on the ellipse surface. The amplitude of pressure fluctuation decreases spatially from vertical direction to horizontal direction. For the decreasing distance to the wall side, the oscillatory flow induces the stall vortex shedding on the particle. The 'reverse-contact torque' described by Swaminathan et al (2006) due to the bounding wall is responsible for moving the ellipse away from the wall eventually.
In certain cases, the vortex shedding frequency is twice the lateral migration frequency dominated by the wall. The so-called 'resonance' phenomenon will occur in proper amplitude ( figure 15(e) ). It is clear that the flow field around the particle is basically steady and periodic vortex shedding only appears at left side. The pressure difference on the ellipse surface is centrally symmetric, as shown in figure 16(e) . The high-speed rotating body produces great Magnus effect, which pushes the particle to the wall side. As the torque on the ellipse is mainly due to the fluid shear in the minimum gap region, the rotary motion of the particle finally achieves a reconciliation by the lubrication limit.
Summary and conclusions
In this work, we have presented the FE ALE simulations on the sedimentation of a single 2D elliptical particle in oscillatory pressure driven flows. For all the cases presented in this paper, the results obtained by the ALE method are solidly validated to be favorably consistent with those in previous literatures, which demonstrates the ALE method to be a reliable tool for modeling fluid-solid interactions. For the oscillatory field, the initial position, blockage ratio, as well as frequency and amplitude have different influence mechanisms on the particle motion, and contribute to varied behaviors of particles, including horizontal sedimentation with offset, oscillating, tumbling throughout channel, tumbling at one side and the special 'resonance' phenomenon. Several conclusions can be drawn from this work.
(a) For high frequency flow, the particle migrates without vortex shedding, and eventually oscillates down near the centerline with its long axis perpendicular to the flow direction. The heavier the particle is, the closer it is to the centerline. However, in a low frequency flow, the particle keeps its original zigzag motion at channel side or through centerline depending on its particle Reynolds number. Particllarly, at 'resonance' frequency, the one side vortex oscillating and shedding sustains the high-speed rotation near the wall, and the particle migrates in a straight line with a relatively small velocity at the macro scale. (b) The initial position influences the startup performance of the rotation, and would ultimate result in different migrations under different flow conditions. However, the maximum lateral displacements of the low frequency zigzag motion are nearly the same for the consistent lubrication limit. As the high amplitude enhances the maximum fluid shear stress gradient with lager dissipation, the range of zigzag motion decreases. The 'resonance' phenomenon could occur at high frequency with low amplitude as well. (c) Confined by the wall effect, the frequencies of the flow and the lateral migration are not completely the same, and there exist tiny fluctuations of sedimentation velocities at different motion circles. A heavier particle with lower blockage results in a more stable sedimentation. The wall induced 'resonance' phenomenon exists in all shear flows, for which the harmonious changes of drag and lift on particle surface account.
In the future, we plan to extend this work to three-dimensions and viscoelastic fluid, where simulations have already confirmed an oscillating motion of the oblate spheroid (Swaminathan et al 2006 , Huang et al 2012 , D'Avino et al 2014 . The rotation drag and lift of an ellipsoidal particle in the oscillatory shear flow are worth exploring further.
